Analysis of neutral and acidic ethyl acetate extracts from culture medium of Azospirillum brasilense 703Ebc by high-performance liquid chromatography (HPLC) and combined gas chromatography-mass spectrometry demonstrated the presence of indole-3-acetic acid (IAA), indole-3-ethanol, indole-3-methanol, and indole-3-lactic acid. IAA in media of 20 strains of A. brasilense and Azospirillum lipoferum was analyzed quantitatively by both the colorimetric Salkowski assay and HPLC-based isotopic dilution procedures. There was little correlation between the estimates obtained with the two procedures. For instance, the Salkowski assay suggested that the culture medium from A. brasilense 703Ebc contained 26.1 ,ug of IAA ml-', whereas HPLC revealed the presence of only 0.5 ,ig of IAA ml-'. Equivalent estimates with A. brasilense 204Ed were 10.5 and 0.01 jig of IAA ml-', respectively. The data demonstrate that the Salkowski assay is not a reliable method for measuring the IAA content of Azospirillum culture medium and that estimates in excess of 10 ,ug of IAA ml-' should be viewed with particular caution. Metabolism of [2'-_4C]IAA by A. brasilense 703Ebc yielded radiolabeled indole-3-methanol, whereas roots of maize (Zea mays L.) seedlings gave rise to [14C]oxindole-3-acetic acid and an array of polar metabolites. Metabolism of [2'-14C]IAA by maize roots inoculated with A. brasilense 703Ebc produced a metabolic profile characteristic of maize rather than Azospirillum species.
Azospirillum species have been found in association with root systems of several grasses, including some of the more economically important cereals such as maize (Zea mays L.) (2, 7, 14) . It has been suggested that the bacteria have the capacity to fix nitrogen when associated with cereal roots and that in tropical regions this ability can improve plant growth (3, 19) . There is, however, an increasing realization that in many instances Azospirillum-induced growth promotion probably cannot be explained in terms of nitrogen fixation. Investigations into alternative mechanisms have focused primarily on bacterial production of growth regulators such as indole-3-acetic acid (IAA; Fig. 1 ). There are reports indicating that some Azospirillum strains can produce more than 30 ,ug of IAA ml-' in medium supplemented with tryptophan (5, 11, 13, 17, 20) , markedly in excess of IAA production by Rhizobium strains cultured in similar concentrations of the amino acid (10, 21) .
The purpose of this study was to investigate the secretion of IAA and related indoles by Azospirillum brasilense and to quantitatively analyze IAA in cultures of a number of strains of Azospirillum lipoferum and A. brasilense isolated from roots of maize and teosinte. In addition, the metabolism of [2'-14] IAA was investigated in A. brasilense, in Z. mays roots, and in Z. mays roots inoculated with A. brasilense.
MATERIALS AND METHODS
Plant material. Two maize (Z. mays L.) hybrids, designated (L903 x L902) and (L937 x L910), and the teosinte varieties Central Plateau and Zea diploperennis were field grown in a dark-red latossolo soil at the Universidade Estadual de Campinas, Brazil, in plots that had not received nitrogen fertilizer for 12 years. All plots were fertilized with 20 kg of N, K, and P ha-' before planting. When plants reached the flowering stage, the root systems were removed from the soil and, after being shaken to remove particulate matter, were washed first in tap water, then in distilled water, and finally with 25 mM phosphate buffer, pH 7.0.
Isolation of bacteria. Excised roots were exposed to a 1% solution of chloramine T for 30 min, after which sections (0.8 to 1.0 cm long) were placed in 12-ml flasks containing 5 ml of N-free semisolid medium (6) . After 24 to 48 h of incubation, the typical Azospirillum pellicle developed near the surface of the semisolid medium. Nitrogenase activity was determined by gas chromatography analysis of ethylene produced after incubation of cultures with 10% (vol/vol) acetylene in air at 25°C for 1 h (6). The cultures were enriched for Azospirillum cells by loop transfer of pellicle material to fresh semisolid medium. Further subculturing of Azospirillum cells was done with an agar medium containing mineral N and 20 mg of yeast extract liter-' (6). Typical Azospirillum colonies were then transferred to N-free semisolid malate medium and incubated for 24 to 48 h for pellicle formation. The colonies were purified further and classified as A. brasilense and A. lipoferum according to procedures described by Baldani and Dobereiner (2) . The classified strains were named as shown in Table 2 .
Azospirillum culture. Bacteria were grown in 125-ml Erlenmeyer flasks containing 50 ml of malate medium supplemented with 5 mM ammonium chloride and 100 mg of DL-tryptophan liter-'. Flasks were shaken for 18 to 20 h at 32°C, and cultures were harvested by centrifugation at 2,800 x g for 15 min before the analysis of IAA and related indoles in the supernatant.
The number of cells in culture was determined by dupli- (8, 11) .
In the second method, an HPLC-based isotopic dilution procedure (16) was used. A [2'-'4C]IAA internal standard (specific activity, 63.9 mCi mmol-'; 250 x 103 dpm; 311 ng) (Amersham International plc, Amersham, Buckinghamshire, United Kingdom) and antioxidant were added to 50 ml of centrifuged culture medium, which was adjusted to pH 8.0 and slurried with polyvinylpyrrolidone. After filtration, the aqueous phase was partitioned three times against 1/3 volumes of ethyl acetate, adjusted to pH 3.0, and partitioned similarly against diethyl ether. The acidic diethyl ether extracts were combined, dried, and purified by isocratic normal-phase HPLC with a radioactivity monitor operating in the heterogeneous mode. The ['4C]IAA peak was collected and dried, and a portion was analyzed by isocratic reversed-phase HPLC with a fluorescence detector (4) . The fluorescent IAA peak in each sample was quantified by reference of the peak area to a standard curve. Radioactivity associated with the IAA peak was determined by liquid scintillation counting, using Ecoscint scintillation cocktail (National Diagnostics, Somerville, N.J.). This procedure enabled the amount of IAA in the centrifuged culture medium (Y) to be calculated from the isotopic dilution equation, Rittenberg and Foster (15) , where X is the amount of internal standard added to the sample, Ci is the specific activity of the internal standard, and Cf is the specific activity of the internal standard after dilution with endogenous IAA. (16) .
Combined gas chromatography-mass spectrometry. HPLCpurified fractions were silylated in 100 p.l of acetonitriletrimethylsilyltrifluoroacetamide (1:1, vol/vol) at 70°C for 15 min, reduced to dryness, and dissolved in 30 p.l of hexane before analysis. Mass spectrometric analyses of the trimethylsilyl derivatives were performed on a HewlettPackard Co. (Palo Alto, Calif.) HP 5890 gas chromatograph linked to a 5970B mass selective detector equipped with an HP 9000 computer. Samples were introduced in the splitless mode (2 min of splitless time) at 225°C onto a cross-linked methyl silicone capillary column (inner diameter, 25 m by 0.31 mm) with a 0.52-p.m film thickness. The column temperature was initially held at 60°C for 3 min and then programmed by 30°C min-' to 130°C, followed by a 7°C-min-' gradient to 235°C. The interface temperature was maintained at 250°C.
RESULTS AND DISCUSSION
Qualitative analysis of indoles. The production of IAA and related indoles was investigated by using A. brasilense 703Ebc, since preliminary studies with this strain, in which centrifuged culture medium was analyzed with the Salkowski reagent, indicated that after a 20-h incubation the liquid medium contained in excess of 20 p.g of IAA ml-'.
Neutral and acidic ethyl acetate extracts, obtained from 1 liter of centrifuged culture medium, were examined by reversed-phase HPLC with a fluorometric detector, which offers superior limits of detection and much greater selectivity for the analysis of IAA than does an absorbance monitor (16) . The traces obtained are illustrated in Fig. 2 . The neutral extract contained three fluorescent peaks: an early-eluting unknown substance; the major component which cochromatographed with the IAA precursor indole-3-ethanol (IEt; for structure, see Fig. 1 ); and a more retained constituent which cochromatographed with the decarboxylated IAA catabolite indole-3-methanol (IM; see Fig. 1 and 2A) . The main peak in the acidic ethyl acetate extract cochromatographed with IAA, whereas one of the minor constituents, eluting before IAA, cochromatographed with indole-3-lactic acid (ILA; see Fig. 1 literature of studies in which, because of the ease with which large numbers of Azospirillum cultures can be processed, the Salkowski assay has been used routinely to screen for mutant IAA producers (1, 11, 17) .
The IAA contents of culture media from 20 strains of A. brasilense and A. lipoferum were analyzed colorimetrically with the Salkowski reagent, and the data were compared with those obtained from parallel HPLC-based isotopic dilution analyses ( Table 2 ). The HPLC analyses indicated that all of the Azospirillum cultures contained IAA. Three strains yielded <0.1 p.g of IAA ml-', most in the range of 0.2 to 0.7 p.g ml-', whereas five cultures contained >1.0 p.g ml-', with the highest amount (4.5 p.g ml-') detected in A. brasilense 901Ra. Estimates obtained with the colorimetric Salkowski assay ranged between 0.0 and 26.1 p.g of IAA ml-1' and showed little correlation with the HPLC-based measurements. Strains seemingly containing >10 p.g of IAA ml-1' when tested in the Salkowski assay were invariably found to contain much lower amounts when analyzed more rigorously by HPLC-based procedures. For instance, the (5, 13) . These figures too were likely inaccurate, since the lack of detector selectivity and the level of extract impurities make it probable that contaminants were mistaken for IAA (16) .
Arguably, the most convincing report of IAA levels in Azospirillum cultures is that of Horemans and Vlassak (12) . These investigators used a fluorometric detector and analyzed samples with both ion pair and ion suppression reversed phase HPLC. Estimates of ca. 40 ng of IAA ml-' were obtained and confirmed by further analysis in the 2-methylindolo-ot-pyrone assay (18) . This figure is lower than those obtained with most strains in our investigation, which may be attributable to the use of different culture conditions and Azospirillum strains or the fact that Horemans and Vlassak (12) did not use an internal standard to account for sample losses. It is of interest that the quantitative estimates of the IAA content of Azospirillum culture medium obtained by HPLC-fluorescence procedures, both in our study and in the study by Horemans and Vlassak (12) , are consistent with those reported to occur in Rhizobium cultures grown in media supplemented with similar amounts of tryptophan (10, 21) . 14C]IAA by A. brasilense 703Ebc, by maize roots, and by maize roots inoculated with A. brasilense 703Ebc was investigated. Extracts obtained after a 4-h metabolism period were analyzed by reversed-phase HPLC with a radioactivity monitor. The traces obtained are presented in Fig. 3 . One of the radiolabeled metabolites of IAA produced by the Azospirillum cultures had the same retention time as did IM in reversed-phase HPLC. Metabolism of [2'-14C]IAA by maize roots was much more complex, giving rise to a number of polar products, one of which had the same reversed- (Fig.  3B ) and normal-phase HPLC retention properties as did oxindole-3-acetic acid (see Fig. 1 ). A similar metabolic profile was obtained with maize roots that had been inoculated with A. brasilense 703Ebc (Fig. 3C) , which indicated that maize was making the predominant contribution to IAA catabolism in the inoculated roots. The data, however, give no indication as to whether the main source of IAA in the roots was bacterial or higher plant in origin. 
